We have characterized the substrate specificity of dimethyl sulfoxide reductase (DmsABC) of Escherichia coli by determining Km and kut values for 22 different substrates. The enzyme has a very broad substrate specificity. The Km values varied 470-fold, while k,, values varied only 20-fold, implicating K, as the major determinant of kJK, values. Sulfoxides and pyridine N-oxide exhibited the lowest K, values, followed by aliphatic N-oxides. The k,, values for these compounds also followed the same pattern. Substitution at the 2 or 3 position of the pyridine N-oxide ring had little effect on Kw while substitution at the 4 position had a greater effect, and increased Km. Negatively charged substrates were poorly accepted. A few compounds that are not S-or N-oxides were also reduced by the enzyme. Most compounds reduced by DmsABC were not toxic to E. coli under anaerobic growth conditions, and Em coli was able to use many of these compounds anaerobically as terminal electron acceptors in the presence of glycerol. Anaerobic growth on sulfoxides is solely due to DmsABC expression. However, there appears to be another as yet unidentified terminal reductase capable of using pyridine N-oxides as terminal electron acceptors.
INTRODUCTION
Dimethyl sulfoxide (DMSO) reductase (DmsABC) of Escherichia coli is a complex iron-sulfur molybdoenzyme capable of conserving the energy of menaquinol : DMSO oxidoreduction as a proton-motive force across the bacterial membrane (Bilous e t al., 1988 ; Bilous & Weiner, 1985b; Cammack & Weiner, 1990; Rothery e t al., 1995; Weiner et al., 1992) . This constitutive membrane-bound enzyme is composed of three subunits : a catalytic subunit containing molybdenum molybdopterin guanine dinucleotide cofactor (DmsA), an electron transfer subunit containing four [4Fe-4S] clusters (DmsB) and a membrane anchor subunit (DmsC) (Bilous e t al., 1988; Cammack & Weiner, 1990; Rothery & Weiner, 1991) . Characterization of the molybdenum cofactor and [Fe-S] centres has proceeded using EPR (Cammack 8 z Weiner, 1990; Rothery & Weiner, 1991 , 1993 and fluorescence spectroscopy (Rothery e t al., 1995) , and an understanding of the electron transfer pathway from menaquinol to the molybdenum cofactor is currently being developed (Trieber e t al., 1994) .
E. coli is capable of anaerobic growth by glycolysis, or by respiration using a variety of terminal electron acceptors.
Respiratory growth of E. coli on several S-and N-oxides has been established, and these studies have demonstrated that the terminal reductases DmsABC and trimethylamine N-oxide (TMAO) reductase (TorA) play important roles in this process (Sambasivarao & Weiner, 1991a) . While only DmsABC is responsible for anaerobic growth on DMSO, both DmsABC and TorA are responsible for anaerobic growth on TMAO (Sambasivarao & Weiner, 1991a) . The molybdoenzyme TorA (Mejean et al., 1994; Yamamoto et al., 1986 ) is inducible (Pascal et al., 1984; Silvestro et al., 1988) and periplasmic (Silvestro e t al., 1989) . The widespread occurrence in nature of DMSO and TMAO suggests that these compounds may serve as true physiological substrates for the reductases (Barrett & Kwan, 1985 ; Kelly & Baker, 1990 ; Kiene & Bates, 1990) . The amino acid seauences of DmsABC and TorA are highly homologous, suggesting that the two enzymes might have t k d a r !Xhstrate profiles (MeJean 1994) . We have found that TorA is restricted in its substrate spectrum (Iobbi-Nivol e t al., 1996) , while DmsABC has a broad substrate specificity (Weiner e t a/., 1988). However, these experiments examined only a few substrates of DmsABC. Therefore, it has not been possible to make conclusions regarding substrate binding, active site structure and catalysis from our knowledge of substrate specificity.
In this study, we have analysed a variety of S-and Noxides and miscellaneous compounds in order to gain an understanding of the parameters which affect substrate binding and turnover of compounds reduced by DmsABC. The results obtained are contrasted with the substrate analysis of TorA (Iobbi-Nivol e t a/., 1996). We have determined the toxicity of a range of DmsABC substrates, and we have monitored the ability of these substrates to serve as anaerobic terminal electron acceptors in wild-type cells, as well as in cells lacking DmsABC and/or TorA. We show that E. coli expresses at least one additional energy-conserving N-oxide reductase which is unable to use TMAO or DMSO but utilizes a subset of the compounds tested.
Materials. Potential substrates (Fig. 1 ) of DmsABC were purchased from Sigma or Aldrich, except for biotin sulfoxide, which was synthesized from biotin (Melville, 1954) , and DMSO, which was obtained from Fisher Scientific. For substituted pyridine N-oxides, all compounds with substituents in the 2, 3 and 4 position were obtained whenever possible. Strains and plasmids. E. coli strains used in this study were: HBlOl [s~pE44 ksdS20 Z(r;m;) recA73 ara-74 proAZ ZacYI galK2 rpsL20 xjl-5 mtl-I ] (Boyer & Roulland-Dussoix, 1969) ; MC4100 [F-ara D139 (lad POZYA--argF)U169 rpsL150 relAI fEb-5307 deoCl PtsF25 rbsR] (Casadaban, 1976) ; LCB128 [as MC4100; torA : : Mud1 (Ap' -lrsc)] (M. Chippaux, Marseilles, France); DSS401 (as MC4100; Adms Km') (Sambasivarao & Weiner, 1991a) ; and DSS501 (as LCB128; Mms Km") (Sambasivarao & Weiner, 1991a) . For overexpression of DmsABC, bacteria were transformed with pDMSl6O (Rothery & Weiner, 1991) . All manipulations of plasmids and strains were carried out essentially as described by Sambrook et al. (1989) . Media and growth conditions. Bacteria were grown anaerobically on minimal media as indicated previously by Bilous & Weiner (1985a) , with the following exceptions. Peptone (016 %) was substituted for Casamino acids, and streptomycin sulfate was not included in the growth medium. Arginine was included at a final concentration of 0005 YO as necessary. When appropriate, 50-100 pg ampicillin ml-' and 40 pg kanamycin ml-' were included in the growth medium. The ability of S-and N-oxides to sustain growth on glycerol minimal media was tested by growing cells in sealed screw-capped tubes containing a small air bubble to allow mixing using a continuously rotating wheel. Quantitative growth experiments were performed in Klett flasks (Sambasivarao & Weiner, 1991a) . Assessment of the toxicity of DmsABC substrates by inhibition of anaerobic growth of €. coli. HBlOl grown overnight in LB was used as a 1 YO inoculum for 3 ml of unsolidified LB top agar (0.7%). This sample was mixed and poured onto LB agar plates. Sterilized filters were dipped into filter-sterilized substrate to the point of saturation and placed on LB agar plates overlaid with LB top agar containing bacteria. All potential DmsABC substrates were used at 300 mM, except 3-amidopyridine N-oxide (100 mM). Platinum catalyst and plates were placed in anaerobic jars that were subsequently repeatedly evacuated and filled with H2/C02 (10: 90, v/v). After 72 h at 37 OC, the diameter of the zone of clearing (absence of growth) around the substrate-soaked filters was measured. Fumarate and nitrate were used as non-toxic controls. K,CrO, and ampicillin were used as positive toxic controls.
Purification of DmsABC. HBlOl(pDMS160) was grown in 19 1 carboys and harvested using a Pellicon membranes system as indicated previously (Weiner e t d., 1988) . The cell paste was resuspended in buffer (Rothery & Weiner, 1991) , and everted envelopes were prepared as indicated by Bilous & Weiner (1985a) . The membrane fraction was extracted with Triton X-100 as indicated by Cammack & Weiner (1990) . DmsABC was purified from solubilized membrane proteins on a DEAEcellulose (Whatman DE-52) column as indicated previously (Weiner e t al., 1988) , except that a 0-0-2 M KCl gradient was used, equivalent to ten column volumes, or on a DEAESepharose CL-6B column with a 50-300mM NaCl gradient equivalent to two column volumes.
Kinetic analysis. Substrate-dependent oxidation of the electron donor, reduced benzyl viologen (BVH'+), was monitored at 570 nm using a Gilford 250 spectrophotometer. MOPS (50 mM; pH 7.0) was used as the buffer for all assays, and electron acceptor (substrate) was varied as necessary. For opencuvette (non-stoppered) assays, using degassed MOPS buffer, benzyl viologen (BV) was used at a final concentration of 0.2 mM (E of BVH" = 7.8 x lo3 1 mol-' cm-') and sodium dithionite at a concentration of 0.33 mM. The final assay volume was kept constant, with the ordered addition of BV, substrate, dithionite and enzyme. Closed-cuvette assays (stoppered) were performed using degassed buffer that was subsequently bubbled with nitrogen. Buffer was transferred to a cuvette, which was then stoppered. Hamilton syringes were used for ordered addition as above. A stable baseline was confirmed prior to addition of enzyme. For closed-cuvette assays, BV was used at a final concentration of 0.2 mM, and dithionite was added to approximately 0.1 mM, to give an absorbance of about 1.0. Closed-cuvette assays were used unless indicated in the text. All assays were performed at 30 OC using equilibrated buffer and a jacketed cuvette holder, except for the comparison of open-and closed-cuvette assays and membrane-bound, solubilized and purified enzyme, which were performed at 25 OC. One unit of enzyme activity corresponds to 1 pmol BVH" oxidized min-l, or 0.5 pmol S-or N-oxide reduced min-l. Between three and nine assays were performed at each substrate concentration, and five to eight different substrate concentrations were examined to determine each K, . The values used were means. In all cases, the standard deviation of the mean was less than 10%. Whenever possible, a range of substrate concentrations was chosen that varied from at least two times less than the K, to five times greater than the K,. This range of substrate concentration could not be achieved in some instances, due to limitations resulting from the minimum concentration of substrate that can be used in the assay, or substrate inhibition. We ensured that only a small fraction of the substrate was utilized during the course of the experiment. Km and VmBx values were determined from Eadie-Hofstee plots (Fersht, 1977) . The K, values obtained are apparent K, values using a saturating concentration of BV. A,,, values were determined by estimating the enzyme purity from PAGE analysis, as indicated below. Assays were performed on freshly diluted enzyme that was previously beaded into liquid nitrogen and stored at -70 "C. The diluted sample was stored on ice and used during the day to obtain reproducible results. Compounds found not to be substrates were tested for their ability to inhibit the transfer of electrons from reduced DmsABC Kinetic analysis of E. coli DMSO reductase 
RESULTS

Dithionite inhibits DmsABC
Several assays have been developed to monitor the activity of terminal reductases, including DmsABC. Further investigation of assay conditions indicated that the apparent Km differences resulted from the dithionite used to produce BVH". The open-cuvette assay requires an excess of dithionite to BV, whereas the closed-cuvette assay excludes oxygen (using degassed and nitrogenbubbled buffer in a stoppered cuvette), and uses only enough dithionite to reduce a portion of the BV. To demonstrate that dithionite is responsible for the increase in apparent K, observed when using the open-cuvette assay, the closed-cuvette assay was performed but altered to use increasing concentrations of dithionite, up to the value normally used in the open-cuvette assay. Fig. 2 shows that as the dithionite concentration increases, the apparent K, increases. However, the apparent Km reaches a plateau at lower dithionite concentrations, and at a value approximately equivalent to that determined by closedcuvette assay conditions. This plateau in apparent Km suggests that the closed-cuvette assay is more appropriate for accurate kinetic analysis. Dithionite appears to approximate a competitive inhibitor, as excess substrate can reverse the effect (data not shown). It was not possible to quantitate this inhibition because of assay constraints. We found that the product of dithionite oxidation, sodium bisulfite, was also an inhibitor of DmsABC, but the inhibition observed under our assay conditions was not due to bisulfite, as half-maximal inhibition for bisulfite occurred at 25 mM, and a maximal level of only 0.66 mM was present in the cuvette.
The interaction of dithionite with the enzyme explains the order of addition effects previously observed (J. H.
unpublished results). S-or N-
oxide substrates must be present before the enzyme comes into contact with dithionite to prevent depressed kcat values, suggesting that the oxide substrate protects the enzyme from dithionite inactivation.
Utilization of N-oxides by DmsABC
A wide variety of N-oxides ( Fig. 1) The K , and inhibition characteristics of 2-hydroxymethylpyridine N-oxide were not determined due to the ability to accept electrons directly from BVH*+ at high substrate concentrations.
Only a few aliphatic N-oxides were available. 4-Methylmorpholine N-oxide and TMAO have relatively low k,,,/K, values. They have substantially higher turnover numbers compared to the other compounds tested, and substantially higher Km values. The detergent dimethyldodecylamine N-oxide was a reasonable substrate, although this compound forms micelles at a concentration of 2.1 mM (Neugebauer, 1990) . The Km was lower than the critical micelle concentration, but there was no break in the EadieHofstee plot at the critical micelle concentration, suggesting that DmsABC is capable of reducing substrate that is part of a micelle. The Km for dimethyldodecylamine N-oxide was substantially lower than for the other aliphatic N-oxides, possibly due to multiple interactions between the dodecyl sidechain and the enzyme, or possibly due to partitioning of substrate into the Triton X-lOO/protein micelles.
Utilization of S-oxides
In general, the sulfoxides had similar K, values to that of pyridine N-oxide and those substituted in the 2 and 3 position, and kcat values near 100 ( Table 2) . Because the sulfoxides have lower kcat values than pyridine N-oxide compounds, some of the substituted pyridine N-oxides are the best substrates on the basis of kc,/Km values.
The substrates DL-methyl phenyl sulfoxide and DLmethionine sulfoxide present the enzyme with different enantiomers. At this time, it is unknown which enantiomers are utilized by DmsABC. This question is being examined by polarimetric analysis. However, when 50 mM potassium acetate buffer (pH 5.5) was used, low activity was observed (kcat 10 s-'). Growth was also observed on this substrate. Dimethyl sulfone and ~~ triethanolamine borate are substrates with kcat values of 12.8 and 4.2 s-l, respectively. A number of additional compounds were examined, but triethylamine N-oxide picrate, K,CrO,, NaSeO,, 5-chlorofurazan 3-oxide, 4-nitropyridine N-oxide and 4-nitroquinoline N-oxide accept electrons directly from BVH'', and thus could not be tested as substrates of DmsABC.
U t i I ization of miscellaneous substrates
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Inhibition of DmsABC activity
Compounds that were found to be poor substrates were tested for their ability to act as inhibitors of DmsABC activity with TMAO as substrate. Because TMAO has a high K, , non-substrates would not need to have particularly low Ki values to inhibit enzyme activity. Dibutyl sulfoxide, DL-methyl(phenylsulfinyl)acetate, diphenyl sulfoxide, 2-mercaptopyridine N-oxide, triethanolamine borate, chlorate, and 2-carboxypyridine N-oxide were not able to inhibit DmsABC activity. Biotin sulfoxide (33.5 % inhibition) and dimethyl sulfone (12.4 % inhibition) were found to be weak inhibitors of DmsABC activity. 3-Carboxypyridine, the product of 3-carboxypyridine Noxide reduction, was a poor inhibitor (27.3 %).
Growth inhibition by S-and N-oxides
It is possible that DmsABC may detoxify various S-and N-oxides encountered in the environment, providing a selective advantage for the organism. We determined the toxicity of our collection of substrates to anaerobic growth of E. coli. Under the conditions described in Methods, most DmsABC substrates were not toxic to anaerobically growing E. coli (Tables 1 and 2 ). However, diphenyl sulfoxide, hydroxylamine -a protein modifier -and dimethyldodecylamine N-oxide -a detergentdid cause zones of clearing around the substrate-soaked filters.
Ability of 4 and N-oxides to act as terminal electron acceptors
Many of the substrates'were able to support anaerobic growth of E. coli with glycerol as carbon and energy source (Tables 1 and 2 ). Most of the N-oxides tested could be used by E. coli as a terminal electron acceptor for anaerobic growth. Exceptions were 2-mercaptopyridine, 4-phenylpyridine, 4-nitropyridine and 3a-hydroxylbenzylpyridine N-oxides. Dimethyldodecylamine N-oxide inhibited anaerobic growth, presumably due to its detergent properties. The S-oxide compounds reduced by DmsABC were able to support anaerobic growth, whereas those which were not reduced by DmsABC did not support growth. Fig. 3(a) shows anaerobic growth curves of E. coli MC4100 grown on selected S-and N-oxides. TMAO, 3-carboxypyridine N-oxide and 4-methylpyridine N-oxide supported essentially identical growth rates, and these were comparable to growth rates with fumarate and Kinetic analysis of E. coki DMSO reductase pyridine N-oxide as terminal acceptor (data not shown). MC4100 grew well on DMSO, but a longer lag preceded exponential growth. Stationary phase was reached in about 20 h. Tetramethylene sulfoxide supported very limited growth (data not shown).
As reported previously (Sambasivarao & Weiner, 1991 a) , E. cola' DSS401, with the dmsABC operon deleted, grew well on TMAO, whereas no growth was observed on DMSO. This strain exhibited slower growth on 3-carboxypyridine N-oxide and 4-methylpyridine N-oxide (Fig. 3b) . E. coli LCB128, lacking the torA gene, grew well on all the substrates tested (Fig. 3c ). E. coli lacking both t o r A and dmsABC (DSS501) was unable to grow on sulfoxides and TMAO, but, surprisingly, maintained the ability to grown on 3-carboxypyridine N-oxide (Fig. 3d) , pyridine N-oxide and 3-hydroxypyridine N-oxide (data not shown). These results indicate that an alternative terminal reductase which conserves the redox energy of these pyridine N-oxides must be present in E. coli. This alternative terminal reductase does not appear to be a secondary activity of DmsABC or TorA, as this enzyme possesses a different substrate specificity.
DISCUSSION
We conclude that : (i) DmsABC has a very broad substrate specificity, and analysis of the data gives us a better understanding of the parameters which affect substrate binding and turnover ; (ii) Km values vary 470-fold, while kcat values vary only 20-fold, implicating K, as the major determinant of kcat/Km values; (iii) DmsABC plays an important role in the utilization of S-and N-oxides; (iv) we have determined that there is another, as yet unidentified, terminal reductase that is capable of utilizing a subset of these compounds.
Two classes of S-and N-oxide reductases have been identified (Iobbi-Nivol it a!., 1996). One class has broad substrate specificity, and includes the periplasmic DMSO/ TMAO reductases of Rhodobacter sphaeroides and Rhodobacter capsdatw (McEwan et al., 1987; Satoh & Kurihar, 1987) . The second class has much more limited substrate specificity, and includes the TMAO reductases of Shetvanella and E. coli (Clarke & Ward, 1988; Iobbi-Nivol e t al., 1996) . DmsABC appears to be most similar to the Rhodobacter enzymes. Although the substrate specificity of DmsABC overlaps with TorA, the poorest DmsABC substrates are the best TorA substrates, and vice versa. This may allow these proteins to play complementary roles in the cell.
If we compare all the substrates solely on the basis of kcat, we can identify three compounds (TMAO, 4-methylmorpholine N-oxide and 3-hydroxypyridine N-oxide) with substantially higher kcat values than all the other compounds tested. These compounds also have the highest K, values, and therefore relatively poor kcat/Km values, suggesting that they are poor substrates. This is obviously not the case, as cells grow well using these compounds as terminal electron acceptors. Most substituted pyridine N-oxides have kcat values between 200 and 300 s-l, and sulfoxides have kcat values between 60 and 120 s-' . A very large range of K, values was observed for these compounds, indicating that substrate affinity has a primary role in determining enzyme specificity.
Redox potential would be expected to affect kcat much more than K, . Pyridine N-oxides have lower redox potentials and are more difficult to reduce than aliphatic N-oxides, because the electrons from the oxygen are in resonance with the aromatic ring, stabilizing the unstable N-0 bond (Ochaiai, 1953 (Ochaiai, , 1967 . It is possible that the lower redox potentials of pyridine N-oxides could be an influencing factor in the lower kcat values observed for these compounds.
Reduction of N-oxides has been suggested to occur after protonation (Kubota & Miyazaki, 1962 ; Ochaiai, 1967) . As aliphatic N-oxides are more easily protonated than pyridine N-oxides (Kubota & Miyazaki, 1962) , it is possible that this factor may also contribute to the higher kcat values observed for aliphatic N-oxides.
A pattern is observed when the K , values are examined. The K, values are approximately equivalent for pyridine N-oxide and pyridine N-oxides substituted in the 2 and 3 position. Pyridine N-oxides substituted in the 4 position have higher K, values. Carboxy-substituted pyridine Noxides do not follow the rule above, and are not good substrates. This is presumably due to their negative charge.
The K, values for the pyridine N-oxides and sulfoxides are observed to be lower than for the aliphatic N-oxides. This may be for steric reasons, suggesting that the enzyme may be willing to accept compounds with two substituents more easily than those with three substituents. The only aliphatic N-oxide that does not follow this rule is dimethyldodecylamine N-oxide, and it is possible that the lower Km value observed could be due to additional contacts between the dodecyl sidechain and the enzyme, or possibly due to partitioning of substrate into Triton XlOO/protein micelles.
Compact sulfoxides (DMSO and tetramethylene sulfoxide) or those with one extended substituent are accommodated by the enzyme (DL-methionhe sulfoxide and DL-methyl phenyl sulfoxide). However, those that are bulky and those with two extended substituents are not [dibutyl sulfoxide, DL-methyl(phenylsu1finyl)acetate and diphenyl sulfoxide]. This agrees with X-ray structures of molybdopterin-and tungstopterin-containing aldehyde oxidoreductases, and molybdopterin-containing DMSO reductase from R. sphevoides, all of which show that the active site is accessible only through a narrow tunnel (Chan e t al., 1995 ; Romao e t al., 1995 ; Schindelin et al., 1996) .
We have demonstrated that E. coli has the ability to use a wide variety of S-and N-oxides as terminal electron acceptors, resulting in anaerobic growth in the presence of glycerol. TMAO has widespread natural occurrence in nature as an osmostabilizer in salt water fish, and DMSO is found in sea water as part of the global sulfur cycle (Barrett & Kwan, 1985; Kelly & Baker, 1990; Kiene & Bates, 1990) . Many of these compounds are also manmade. DMSO is used as a solvent and is found as an effluent from wood pulp mills (Wood, 1981) . Substituted pyridine N-oxides are found as soil contaminants, in crude petroleum and in coal tar, and are used as organic solvents and drugs (Shukla, 1984) . DmsABC is a key enzyme in utilization of these compounds, as shown by the work reported herein. The presence of DmsABC in E. cob may result in a selective advantage for the organism to enable it to use a wide variety of S-and N-oxides as they are encountered in the environment, including utilizing Soxide drugs found in the intestine (Lee & Renwick, 1995) .
